Through modification of structural characteristics, ecological processes such as fire can affect microhabitat parameters, which in turn can influence community composition dynamics. The prevalence of high-severity forest fires is increasing in the southern and western United States, creating the necessity to better understand effects of high-severity fire, and subsequent postfire management actions, on forest ecosystems. In this study we used a recent high-severity wildfire in the Lost Pines ecoregion of Texas to assess effects of the wildfire and postfire clearcutting on six microclimate parameters: air temperature, absolute humidity, mean wind speed, maximum wind speed, soil temperature, and soil moisture. We also assessed differences between burned areas and burned and subsequently clearcut areas for shortterm survivorship of loblolly pine Pinus taeda seedling trees. We found that during the summer months approximately 2 y after the wildfire, mean and maximum wind speed differed between unburned and burned areas, as well as burned and burned and subsequently clearcut areas. Our results indicated air temperature, absolute humidity, soil temperature, and soil moisture did not differ between unburned and burned areas, or burned and burned and subsequently clearcut areas, during the study period. We found that short-term survivorship of loblolly pine seedling trees was influenced primarily by soil type, but was also lower in clearcut habitat compared with habitat containing dead standing trees. Ultimately, however, the outcome of the reforestation initiative will likely depend primarily on whether or not the trees can survive drought conditions in the future, and this study indicates there is flexibility in postfire management options prior to reseeding. Further, concerns about negative wildfire effects on microclimate parameters important to the endangered Houston toad Bufo (Anaxyrus) houstonensis were not supported in this study. 
Introduction
Species occurrence and abundance at both site and landscape scales is influenced by abiotic environmental parameters (e.g., temperature and humidity), either directly through species preferences and tolerance limits, or indirectly through habitat effects (e.g., soil characteristics) and competition dynamics (Neuenschwander and Wright 1984; Baltz et al. 1987; Adolph 1990; Chase and Leibold 2003) . In forest ecosystems, ecological processes such as fire can have strong effects on microhabitat parameters, representing one way in which ecological processes can affect community composition dynamics (Walker et al. 2003; North et al. 2005; Ma et al. 2010 ).
Microhabitat impacts occur through modifications of structural characteristics that influence these parameters, such as canopy cover and depth of ground litter (Ripley and Archibold 1999; Rocca 2009 ).
The climatic pattern toward warmer and drier conditions, coupled with longstanding broad-scale fire suppression, have resulted in an increase in high-severity wildfires (i.e., wildfires that kill or top-kill the majority of live vegetation and consume the majority of dead organic matter) in the southern and western United States (Davis 2001; Crotteau et al. 2013) , particularly in forest ecosystems (Miller et al. 2009; Liu et al. 2013) , with this pattern projected to continue into the next century (Moritz et al. 2012) . Thus, increasing our understanding of impacts of high-severity fire, and subsequent postwildfire management actions, on forest ecosystems is currently of high interest (Bisson et al. 2003; Beschta et al. 2004; Cairney and Bastias 2007) . Postfire management actions vary from allowing natural recovery and regeneration to high levels of manipulation, such as salvage logging and active revegetation (Driscoll et al. 2010; Powers et al. 2013) . Management actions are chosen based on goals associated with the unique ecological, geographic, and social-political characteristics of a burned area, perceived action results, and available funding for restoration (Agee 1996; Driscoll et al. 2010) .
In September and October 2011, a high-severity wildfire occurred in the Lost Pines ecoregion of Texas, burning approximately 39% of the 34,400-ha ecoregion. With respect to property loss, the fire was regarded as the most destructive wildfire occurring in state history for an urban-wildland interface environment (Ridenour et al. 2012) . Postfire management decisions were driven by the complex social and ecological context of the Lost Pines. The majority of burned land in the ecoregion was privately owned (76.3%), and property impacts were substantial (e.g., 1,696 structures burned; Lost Pines Recovery Team 2011; Ridenour et al. 2012) . Thus, the majority of the postfire management decisions were focused on mitigation of hazards to humans. Ecologically, the Lost Pines is a disjunct loblolly pine Pinus taeda forest that represents the westernmost extent of the species distribution in the United States, and which is a genetically distinct population (Al-Rabah'ah and Williams 2004) . In addition, the ecoregion is the last remaining stronghold for the federally endangered Houston toad Bufo (Anaxyrus) houstonensis, and thus wildlife management actions are focused largely on this species Duarte et al. 2011) .
Several large tracts (i.e., .1000-ha) consisting of primarily undeveloped land of high conservation value currently exist within the Lost Pines ecoregion. These tracts are critical for preserving the ecological integrity of the ecoregion given ongoing substantial habitat fragmentation of parcels surrounding the tracts. Two properties in particular, the Griffith League Ranch (GLR; 1,948-ha) and Bastrop State Park (BSP; 2,398-ha), are considered essential for long-term persistence of the Houston toad in the ecoregion (Hatfield et al. 2004 ). These two properties are currently taking two different postfire management strategies. Because natural loblolly pine regeneration was low and patchy across most of the burn zone, assisted pine restoration through seedling tree planting is currently occurring on both properties (Lost Pines Recovery Team 2012). However, the GLR strategy includes removal of all dead standing trees prior to planting; whereas, with the exception of trees adjacent to roads, dead standing trees are being left on BSP. It is currently unclear which of these strategies is most appropriate for restoration of the Lost Pines ecoregion.
The purpose of this study was to document short-term impacts of the wildfire, and subsequent management actions, on microclimate parameters that likely effect survivorship of both loblolly pines and Houston toads, and Houston toad breeding activity. In addition, we investigated the impact of the two management actions on short-term survivorship of loblolly pine seedling trees. The information obtained from this study will be useful for guiding future forest-recovery actions in the Lost Pines, as well as in comparable forest ecosystems where managers are dealing with similar restoration decisions.
Study Site
This study was conducted on the GLR and BSP in the Lost Pines ecoregion in Bastrop County, Texas, USA (Figure 1 ). The Lost Pines is a remnant patch of pinedominated forest that is thought to have been isolated from the East Texas Piney Woods ecoregion between 10,000 and 14,000 y ago (Bryant 1977) , with the pines of the area beginning genetic differentiation from those populations further east by 30,000 y ago (Al-Rabah'ah and Williams 2004) . Both the GLR and BSP are primarily forested properties, with an overstory dominated by loblolly pine, post oak Quercus stellata, and eastern red cedar Juniperus virginiana. The properties are primarily underlain by deep sandy soils of the Patilo-DemonaSilstid Association, with shallow gravelly soils also present on the southern end of BSP (Baker 1979) .
On 4 September 2011 a high-severity wildfire (the Bastrop County Complex Fire) began from multiple initial fire outbreaks across the Lost Pines. The fire was unstoppable because of wind gusts in excess of 58 km/h resulting from the passage of tropical storm Lee, coupled with extreme drought conditions in central Texas (based on the Palmer Drought Severity Index; Lost Pines Recovery Team 2011). After 18 d the fire was 95% contained, with the total burn area encompassing 13,406 ha. A fire break was installed on the GLR during the burn, restricting the fire on the property to 987 ha (50% of the GLR). On 4 October 2011, the fire breached the break and burned an additional 81 ha. In comparison, the September fire burned nearly the entirety of BSP (approx. 95% of the property). The estimated overstory tree loss was 78% across the entirety of the Bastrop County Complex Fire area (Lost Pines Recovery Team 2011). Based on 13 randomly placed 20 m 6 50 m vegetation plots on the GLR within the wildfire zone, the mean overstory tree loss was 81.9%, with a corresponding 30.2% decrease in overstory canopy cover, approximately 1 y after the wildfire (Brown et al. 2014 ).
Methods
We conducted this study between 11 April 2013 and 23 June 2013, approximately 2 y after the high-severity wildfire. We assessed wildfire and postfire management impacts to six microclimate parameters: air temperature, absolute humidity (estimated from temperature and relative humidity [Brown et al. 2013] ), mean wind speed, maximum wind speed, soil temperature (2-3 cm below the soil surface), and soil moisture (2-3 cm below the soil surface). We obtained parameter estimates using Davis Vantage Pro2 portable weather stations with leaf and soil moisture-temperature stations (Davis Instruments, Hayward, CA). We used two portable weather stations, which allowed us to collect data at control and treatment (i.e., Figure 1 . Aerial image of the Griffith League Ranch (GLR; northern property outline) and Bastrop State Park (BSP; southern property outline), Bastrop County, Texas, and their location with respect to wildfires that occurred in the Lost Pines ecoregion in September and October 2011, which burned approximately 13,500 ha. Overlain on the image are the pond and seedling tree sampling areas used to study the impacts of the wildfire and postfire management actions on microclimate parameters, loblolly pine Pinus taeda seedling tree survivorship, and endangered Houston toad Bufo (Anaxyrus) houstonensis predicted calling activity in spring and summer 2013. unburned, burned, and clearcut) locations simultaneously. Although the weather stations were precalibrated by the manufacturer, prior to the study we placed them adjacent to one-another and assessed data collected over several days to ensure estimates were similar and no directional bias was apparent. For each pair of observations, we allowed stations to collect data for 13-190 h (i.e., 26-380 data points/station; mean = 30.2 h). We logged data every 30 min, with each data point representing the mean value from the 30-min sampling interval, with the exception of maximum wind speed, which represented the maximum value recorded over the 30-min sampling interval.
This study consisted of three components. First, we investigated microclimate differences between unburned and burned habitat at 14 known Houston toad breeding ponds (Brown et al. 2013 ; 7 in burned areas and 7 in unburned areas), and their surrounding uplands. Secondly, we investigated microclimate differences between burned habitat and burned habitat that was subsequently clearcut (hereafter called clearcut; Figure 2 ). Lastly, we investigated differences in shortterm survivorship of loblolly pine seedling trees between burned and clearcut habitat, as well as between two soil types (deep sandy soil and shallow gravelly soil).
To investigate microclimate differences between unburned and burned habitat at Houston toad breeding ponds and their surrounding uplands, we sampled two random points around each pond (i.e., within 3 m of the pond edge), with corresponding sampling points placed 50 m into the surrounding upland. We randomized sampling points using a geographic information system (GIS; ArcGIS 10.1; ESRI, Redlands, CA). Specifically, using the GIS we created two random points within each pond polygon. We then walked along the edge of each pond with a portable GPS unit (GPSMAP 60 CSx; Garmin, Olathe, KS), and located the point along the pond edge that minimized the straight-line distance to each random point specified by the GIS.
We investigated microclimate differences between burned and clearcut habitat shortly after the clearcutting operation began because of concerns about potential negative impacts of clearcutting on the Houston toad through microclimate impacts (e.g., increased potential for desiccation due to decreased soil moisture). Thus, data for the burned habitat versus clearcut habitat component of this study was limited to an 11-ha clearcut patch, and we assumed data collected in this patch was representative of patches that would subsequently be clearcut. For this comparison, we selected 10 random points in the clearcut zone, with the restriction that points be $50 m from one another and $20 m from adjacent burned forest. We paired the 10 clearcut sampling points with points in adjacent burned forest, with stations placed 50 m from, and perpendicular to, the forest edge closest to the clearcut sampling points. In addition, we estimated overstory canopy cover at each weather station sampling point using a spherical densiometer.
To assess short-term (i.e., 3-5 mo postplanting) loblolly pine seedling survivorship, we sampled burned and clearcut zones in two soil types, one consisting of deep sandy soil and one consisting of shallow gravelly soil. For the deep sandy soil habitat, we sampled 10 areas in burned (BSP) and clearcut (GLR) habitat, using 6 m 6 30 m plots placed at randomly selected points and azimuths. For the shallow gravelly soil habitat (BSP), we sampled 10 areas in burned and clearcut habitat on BSP. Because both the clearcut and seedling planting occurred in a strip along a park road, we placed plots perpendicular to, and approximately 20 m from, the clearcut edge, at randomly selected points along the road. Thus, this data set contained 4 categories with 10 samples each: burned-deep sandy soil, burned-shallow gravelly soil, clearcut-deep sandy soil, and clearcutshallow gravelly soil.
Planted seedling trees were approximately 1 y old (J. M. Rooni, Texas A&M Forest Service, personal communication), and typically .13 cm tall (personal observation; Figure 3 ). On BSP flags were placed adjacent to planted trees during planting events, and during this study we found a living or dead tree next to all but two flags, indicating disappearance of trees after planting was minimal. Although flags were not placed adjacent to planted trees on the GLR, we likely detected most of the seedling trees because of their size and because the recent clearcutting resulted in minimal vegetation cover at the time of planting and, subsequently, sampling.
We used two-stage analyses to compare microclimates in unburned, burned, and clearcut habitats. Specifically, we compared unburned vs. burned habitat adjacent to ponds, unburned vs. burned habitat in the surrounding uplands, and burned vs. clearcut habitat. In the first stage, we used a multivariate analysis approach to test for an overall difference (typically referred to as a community-level difference), and inferred responses of individual variables using ordination diagrams. This is a useful data exploration and reduction tool when the number of response variables is large (McCune and Grace 2002). In the second stage, we used a univariate analysis approach to investigate differences for individual variables that appeared to differ between habitat types based on the ordination diagrams.
For the multivariate analyses, we used redundancy analysis (RDA), which is an extension of principal components analysis (PCA) to include explanatory variables. Specifically, for RDA each response variable is regressed on each explanatory variable, and then a PCA is performed on the matrix of fitted values (McCune and Grace 2002). We chose RDA (which assumes response variables are related linearly to predictors) over canonical correspondence analysis (which assumes response variables are related unimodally to predictors) because our gradient lengths were short (,4) and our predictors were categorical (Lepš and Šmilauer 2003) . We tested for a treatment effect using a Monte Carlo permutation test, with data randomized within, but not among, treatmentcontrol pairs. We centered and standardized the response data because variables were measured on different scales (i.e., response variables had a zero average and unit variance). We additionally log 10 -transformed the response data, so that percentages rather than absolute changes were analyzed (note this transformation applies only to the RDA analyses). We assessed individual variable responses using speciesenvironment biplots. We performed these analyses using the program CANOCO (version 4.5).
For the univariate analyses we used linear mixedeffects models, specifying habitat category as a fixed effect, and replicate (i.e., pond, surrounding upland, or burned and/or clearcut sampling point) as a random effect (Pinheiro and Bates 2000) . For each analysis we assessed assumptions of normality and homoscedasticity using graphical diagnostic plots (Zuur et al. 2009) , and transformed variables when applicable using the arcsinh (i.e., inverse hyperbolic sine) transformation (Fowler et al. 1998 ). We performed these analyses using the nlme package (version 3.1-113) in the program R (version 3.0.2).
To assess seedling pine tree survivorship differences between habitat types (burned vs. clearcut) and soil types (sandy vs. gravelly), we used generalized linear mixedeffects models with a binomial distribution, the GaussHermite approximation to the log-likelihood (nAGQ = 9), and plot specified as a random effect (Bates et al. 2013) . To determine the most parsimonious model, we used a likelihood ratio test and compared four competing models: the full model (Treatment + Soil + Treatment 6 Soil), the additive effects model (Treatment + Soil), and models with only soil type or treatment included (Zuur et al. 2009 ). For the most parsimonious model, we assessed significance of coefficients using the Wald Z-statistic (Bolker et al. 2009 ). We performed these analyses using the glmer function for the lme4 package (version 1.0-5) in the program R (version 3.0.2). For all analyses we considered differences to be significant at a = 0.1.
Results
Mean percent canopy cover was 38.1% lower in burned habitat (mean = 35.6% 6 31.6%) compared with unburned habitat (mean = 57.5% 6 34.3%) for ponds, and 51.6% lower in burned habitat (mean = 26.2% 6 25.4%) compared with unburned habitat (mean = 54.1% 6 35.5%) for surrounding uplands. Clearcutting on the 11-ha forested area on the GLR reduced mean percent canopy cover from 40.3% 6 19.7% to 0% (Table  S1 ).
The RDA analyses indicated overall differences between burned and unburned areas surrounding ponds (P = 0.001), and in adjacent uplands (P = 0.001), as well as between clearcut and burned areas (P = 0.001; Table  S2 ). Further, biplots for each analysis indicated potential differences in mean and maximum wind speed for all comparisons, soil temperature for the pond and upland comparisons, and soil moisture for the upland and clearcut comparisons (Figure 4) .
For the pond comparison, the univariate analyses indicated mean wind speed (F 1,12 = 2.76, P = 0.123), maximum wind speed (F 1,12 = 2.13, P = 0.118), and soil temperature did not differ significantly (F 1,12 = 0.37, P = 0.553). For the upland comparison, the univariate analyses indicated mean (F 1,12 = 6.83, P = 0.023) and maximum (F 1,12 = 6.47, P = 0.026) wind speed was higher in the burned treatment, but soil temperature (F 1,12 = 2.61, P = 0.146) and moisture (F 1,12 = 0.37, P = 0.554) did not differ significantly. For the clearcut comparison, the univariate analyses indicated mean (F 1,18 = 3.09, P = 0.096) and maximum (F 1,18 = 4.10, P = 0.058) wind speed was higher in the clearcut treatment, but soil moisture did not differ significantly (F 1,18 = 0.59, P = 0.452).
We detected 1,096 seedling pine trees in the 40 plots (Table S3 ). Mean survivorship per plot was 0.59 (SD = 0.21) and 0.68 (SD = 0.18) for clearcut and burned habitat in the deep sandy soil type, respectively. Mean survivorship per plot was 0.95 (SD = 0.07) and 0.99 (SD = 0.03) for clearcut and burned habitat in the gravelly soil type, respectively. The likelihood-ratio test indicated the most parsimonious model included habitat type and soil type as predictors, with no habitat type 6 soil type interaction (x 2 1 = 48.96, P , 0.001). The coefficient estimates and Wald Z-statistics indicated soil type was the most important seedling pine tree survivorship predictor (b Sandy soil = 23.31, Z = 28.22, P , 0.001), but habitat type was also important (b Clearcut = 20.69, Z = 21.94, P = 0.053). 
Discussion
Despite decreases in overstory canopy cover, the results of this study indicated that, with the exception of wind speed, microclimate parameters were similar between unburned and burned habitat, and burned and clearcut habitat. This is a positive result with respect to concerns about negative wildfire impacts on microclimate parameters important for Houston toad survivorship (Brown et al. 2014) . Further, with respect to Houston toad calling activity, we used a previously published statistical model to estimate calling probability during the sampling period (11 April-10 May 2013) at each of the sampled ponds (Brown et al. 2013) , and a paired randomization test with 10,000 iterations to determine whether calling probability differed between unburned and burned ponds (n = 7 pairs), which indicated no difference in calling probability between the two habitat types (P = 0.261; Table S4 ). However, we note that higher wind speeds in burned and clearcut habitat could negatively affect Houston toads through increased potential for desiccation while individuals are on the surface (Hillman et al. 2009 ).
For loblolly pine seedling trees, soil type had the strongest influence on survivorship. We believe this is likely due to the shallow gravelly soil type holding more rain water near the surface, whereas water probably drained below root complexes in the deep sandy soil type (Baker 1979) . During federal recovery operations, private landowners excavated many stumps from the local loblolly pine mature stands in the deep sandy soil type. We noted during operations that these stumps provided a shallow fine-root system near the ground surface, columnar structural roots, and then a secondary horizontal spread of fine roots, with the deeper roots all at approximately the same depth (1.0 m 6 0.16 m). We speculate that this relates not only to structural capability, but also water availability at this depth in the deep sandy soil type. If this hypothesis is correct, replanting success for loblolly pine trees in the deep sandy soil type will depend heavily on rainfall levels in the coming months and years. Bastrop County was under severe drought conditions in spring and summer 2013 (based on the Palmer Drought Severity index), but returned to nondrought conditions in autumn 2013, and was only abnormally dry (least severity level) in early 2014 (Available: http://www.drought.gov, accessed 29 November 2013).
Although soil type was clearly a more important factor affecting loblolly pine seedling tree survivorship, our analyses indicated short-term survivorship was lower in clearcut compared with burned habitat (i.e., in clearcut areas, seedling tree survivorship was approximately 9% lower in sandy soil and 4% lower in gravelly soil). However, the results of this study did not provide evidence that microclimate components important for loblolly pine survivorship differed between burned and clearcut habitat in the sandy soil type. Thus, it is currently unclear why clearcutting negatively affected survivorship. One possibility is that soil disturbance from tractors and skid steers during clearcutting altered soil properties that we did not measure, such as nutrient availability and compaction, and that could impact seedling tree survival (Simard et al. 2001; Simcock et al. 2006; Thiffault et al. 2008) . Ultimately, however, the outcome of the reforestation initiative will likely depend primarily on whether or not the trees can survive drought conditions in the future, and this study indicates there is flexibility in postfire management options prior to reseeding.
Our long-term concern for both western (i.e., more drought-adapted) loblolly pine and the Houston toad is their capability to adapt to climatic changes in the southern United States, which are resulting in warmer and drier conditions (Liu et al. 2013 ). The U.S. Department of Agriculture Forest Service's Climate Change Tree Atlas indicates the Lost Pines ecoregion may be unsuitable habitat for loblolly pine by 2100 under both high-and low-emissions scenarios (Prasad et al. 2007-ongoing) . This issue is already becoming apparent, because an estimated 5.7% of overstory loblolly pine trees (i.e., trees that had survived approx. 20-60+ y) died during exceptional drought conditions in 2009 (based on the Palmer Drought Severity index; Brown et al. 2013 ). In addition, terrestrial mesocosm experiments indicate desiccation is a major source of mortality for Houston toads during drought conditions (M. Jones, Texas State University, personal communication). This emphasizes the need to provide data enabling management decisions to achieve the goal of restoring this forest system as efficiently and cost-effectively as possible.
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